Centrioles are microtubule-based cylinders essential for the formation of centrosomes and cilia. A recent study provides a new cell-free assay that reconstitutes the initial structure formed during centriole assembly -the cartwheel -and proposes a new model for its formation and growth.
As Richard Feynman said, ''What I cannot create, I do not understand''. This quote is particularly pertinent to scientists studying the assembly of cellular organelles. While much work has been carried out in whole cells with the aim of understanding the molecular mechanisms governing the formation of whole organelles, their in vitro reconstruction has lagged behind. This is particularly true for a one billionyear-old tiny cellular structure, the centriole, which is essential for the generation of two organelles, cilia and centrosomes. Cilia and centrosomes are involved in many critical cellular processes, such as cell motility and cell division. Abnormalities in their structure and in their number cause multiple diseases, including cancer, microcephaly and ciliopathies. In a recent study in Nature Communications [1] , a team led by Pierre Gö nczy presents a new cell-free assay that has enabled them to reliably produce in vitro the initial structure formed during centriole assembly -the cartwheel. The feasibility of assembling this structure in vitro, in a reproducible manner, provides several avenues for the study of centriole assembly. In this paper, the authors have already revealed novel molecular and engineering principles of this process.
Centrioles are 250 nm wide and 500 nm long microtubule-based cylinders exhibiting a nine-fold symmetry and a proximo-distal polarity, with the presence of a cartwheel and appendages at the proximal and distal ends, respectively ( Figure 1A ). Recent cryo-electron tomography analysis of the basal body of the symbiotic flagellate Trichonympha [2, 3] unravelled the structural organisation of the cartwheel, which is typically composed of stacked rings with a periodicity of 8.5 nm in the central region and 17 nm in the outer region ( Figure 1A) . Each ring comprises a 22 nm diameter central hub from which nine radial spokes emanate to contact the microtubules via the pinhead structure ( Figure 1A ). Due to its nine-fold symmetry and its presence at an initial stage of centriole assembly, the cartwheel is thought to govern the beginning of centriole biogenesis and to help in establishing the nine-fold symmetry.
The SAS-6 protein is the major molecular component of the cartwheel and has an essential and evolutionarily conserved role in cartwheel formation [4] [5] [6] [7] [8] . Recent studies built a structural model of the cartwheel in which the nine-fold symmetrical rings are composed of nine amino-terminal dimers of SAS-6 forming the hub, from which nine carboxy-terminal coiled-coil SAS-6 dimers radiate to constitute the spokes [4, 5] . Nevertheless, SAS-6 is unlikely to be the sole driver of the formation and stacking of cartwheel rings since SAS-6 alone can only form hubs in vitro and cannot account for the total spokepinhead length. Indeed, other players have been shown to be part of the cartwheel structure and to interact with each other, in particular Bld10/CEP135, Ana2/STIL and CPAP [9] [10] [11] [12] [13] . While the structural and molecular composition of the cartwheel is well characterised, the minimal components needed to form the structure and the mechanisms governing ring stacking are not known.
In this recent paper, Guichard et al. [1] explore the mechanisms governing the assembly and stacking of cartwheel rings in Chlamydomonas reinhardtii using an in vitro reconstruction of the core cartwheel (i.e. hub and spokes). The authors first set out to identify the native structural organisation of the C. reinhardtii cartwheel because, until now, the architectural features of the cartwheel were mostly only known from Trichonympha basal bodies [2, 3] . Here, using cryo-electron tomography on purified centrioles, the authors demonstrated that the C. reinhardtii cartwheel exhibits architectural features (hub, spokes, recruitment of A-microtubules) akin to those of the Trichonympha cartwheel, as well as two previously uncharacterized densities -D1 and D2 -along the length of the spokes ( Figure 1B ). With these results, the authors identified the different cartwheel features to be reconstituted in vitro and demonstrated that the architecture of the core cartwheel is likely conserved throughout evolution.
To study cartwheel formation, the authors developed cell-free assays that involve analysing, by cryo-EM, assemblies that form upon dialysis of soluble recombinant proteins. Confirming previous studies in C. reinhardtii and Danio rerio [4, 5] , the authors showed that recombinant SAS-6 self-assembles into ring structures similar to the central hub of the cartwheel but fails to form the core cartwheel structure because spokes are High-magnification cryo-electron tomograms and schematic representations of assemblies of full-length CrSAS-6 (CrSAS-6_FL; cross section) and full-length CrSAS-6 bound to the Bld10p carboxyl terminus assemblies (CrSAS-6_FL/Bld10p_C; cross and longitudinal sections). While the hub (brown arrow) is formed in both conditions, the densities D1 (black arrow) and D2 (blue arrow) as well as ring stacking are visible only in assemblies of full-length CrSAS-6 bound to the Bld10p carboxyl terminus. Each layer consists of two rings that merge at the periphery through their spokes. Vertical spoke periodicity is 8 nm at the hub margin and 15 nm at the periphery. Scale bars: 50 nm. Electron microscopy images in (B,C) are courtesy of Guichard et al. [1] .
not well-organised and the peripheral densities (D1 and D2) are not detectable ( Figure 1C ). This result reinforced the idea that interacting partners of CrSAS-6 are required for cartwheel formation. Guichard et al. [1] further hypothesized that Bld10p could be the missing piece for several reasons: Bld10p is required for cartwheel formation in C. reinhardtii [11] ; the authors showed that Bl10p localises to the cartwheel by structured illumination microscopy; and Cep135/Bld10 interacts with SAS-6 in human cells through its carboxy-terminal domain [9] . After incubating full-length CrSAS-6 together with the carboxyl terminus of Bld10p, the authors observed the formation of 3D core cartwheel-like structures displaying the native features of the cartwheel (central hub of 22 nm and detection of the peripheral densities D1 and D2; Figure 1C) . Altogether, these results demonstrated that CrSAS-6 alone cannot selfassemble into a core cartwheel structure but instead requires, in C. reinhardtii, the interaction with Bld10p to achieve this process.
The authors hypothesized that spoke organisation, the presence of peripheral densities (D1 and D2), and ring stacking could either require Bld10p presence or be inhibited by a domain of CrSAS-6 that is masked upon interaction with Bld10p. Further experiments conducted by the authors supported the second hypothesis, as they observed that recombinant SAS-6 lacking its carboxyterminal domain can form 3D lattices composed of core cartwheel-like structures, albeit lacking D2 and often showing eight-instead of nine-fold symmetry. With this study, Guichard et al. [1] demonstrated for the first time that SAS-6 itself has the ability to generate stacked entities in solution akin to the in vivo cartwheels, but that its carboxyterminal domain negatively regulates this property. This is of particular interest as it suggests a regulatory mechanism by which the number of cartwheels produced is restricted, even in the presence of excess SAS-6.
Sub-tomogram averaging and cryotomogram analysis of assemblies formed by CrSAS-6 lacking its carboxyterminal domain or by full-length CrSAS-6 upon interaction with the Bld10p carboxyl terminus further confirmed that the 3D cartwheels formed in vitro have the same vertical organisation as the in vivo cartwheels of Trichonympha (8 nm and 15-17 nm central and peripheral periodicity, respectively, and fusion of spokes at the periphery; Figure 1C ). With this cell-free assay, the authors successfully reconstituted 3D cartwheel structures with native architectural features that enabled them to further investigate the mechanisms of cartwheel ring stacking.
Analysis of cartwheel height distribution revealed an average height of 107 nm, similar to the height observed in vivo in Chlamydomonas [14] . Interestingly, peaks in height frequencies were observed every 8 nm or 17 nm, therefore suggesting that the building blocks of the cartwheel are either single or double SAS-6 rings. The authors further developed a mathematical model to fit their experimental data that subsequently allowed them to propose a new model of cartwheel assembly characterised by a polarised incorporation of pairs of SAS-6 rings onto a single seed ring (Figure 2) .
With this paper, Guichard et al. [1] provide a new assay that reconstitutes the core cartwheel structure in vitro. Further improvement of the assay, with better spatiotemporal resolution, will further elucidate the mechanisms governing ring assembly and stacking as well as those controlling cartwheel height. Moreover, this will help to answer critical questions regarding centriole evolution and why centriole assembly is limited in space and number, i.e. close to existing centrioles and to one per existing centriole. Spatial restriction of cartwheel assembly at the centrosomes might in part result from differences in the oligomerisation state of SAS-6 between the cytosolic and the centrosomal fractions. In human cells, cytosolic SAS-6 exists mostly in homodimeric form, whereas in the centrosome, where SAS-6 seems to be a hundred times more concentrated than in the cytoplasm, this protein forms higher-order structures [15] . Guichard et al. [1] propose that the presence of Bld10 at the centrosome masks the SAS-6 carboxy-terminal domain, therefore catalysing cartwheel assembly there.
To further understand ring stacking, it is ultimately necessary to study the kinetics of the process. In practical terms, this could involve looking at ring assembly and stacking rates under different SAS-6 and/or Bld10 concentrations. Coupled with mechanistic models, this should provide insights into the principles governing cartwheel assembly, for example, whether there is cooperativity or whether stack height has an effect on growth, thereby regulating centriole height and number. Concurrently, shifting from probabilistic to more mechanistic models should help explain the principles underlying the assembly process. Understanding these mechanisms will facilitate further dissection in vivo -for example, allowing the investigation of whether cartwheel height has a biological role regarding microtubule nucleation and centriole elongation. Finally, this assay provides a foundation for building the whole centriole structure. The door is now open to identifying the minimal set of proteins required to form the full cartwheel (hub, spokes and pinhead) and to anchor microtubules. The origin of complex multicellularity was a major transition in evolution and is generally associated with higher genomic complexity. However, some complex multicellular fungi defy this principle, having small genomes that resemble those of unicellular yeasts rather than those of other complex multicellular organisms.
Multicellularity is one of the most significant innovations in the history of life. It probably began in the form of simple aggregates of related cells (similar to extant colony-forming algae, choanoflagellates, and protists) or as filaments that evolved either by incomplete cell division (seen in the case of several bacteria, cyanobacteria and green algae [1] ) or by compartmentalization of an initially multinucleate 'siphonous' network (for example, fungi, oomycetes) [2] . Simple forms of multicellularity, including biofilms, cell aggregates or filaments, evolved in up to 25-30 lineages and are distinguished from complex multicellularity, which comprises organisms with three-dimensional tissue organization and a genetically predetermined developmental program [3] . Complex multicellularity is known only in animals, plants, fungi, as well as brown and red algae. In line with increases in complexity, the genomic hurdle to evolving multicellularity is believed to be large, although new studies have started to challenge this view.
The field of comparative genomics is now shedding new light on the genetic innovations required for multicellularity. Saccharomyces cerevisiae, the first eukaryote to have its genome completely sequenced, was reported to possess 6,294 genes [4] , a number that has since been refined to about 5,900 (S. cerevisiae genome release 64-2-1, 13.1.2015.
yeastgenome.org). The genome of S. cerevisiae is representative of the small, highly streamlined genomes that primarily serve unicellular organisms with only rudimentary forms of multicellularity [5] . Simple and complex multicellular species possess significantly larger numbers of protein coding genes, usually between 10,000 and 25,000 (Figure 1) . However, recent work by Nguyen et al. [6] reports on the genome of Neolecta irregularis, a complex multicellular fungus with a protein-coding capacity smaller than that of S. cerevisiae.
Neolecta belongs in the subdivision Taphrinomycotina, which also includes the fission yeast (Schizosaccharomyces), the witch's broom fungus (Taphrina) and
